The five community state types (CSTs) first identified by Ravel et al. (2011) offered a powerful scheme to classify the states of human vaginal microbial communities (HVMC). The classification is a significant advance because it devised an effective handle to deal with the enormous inter-subject heterogeneity and/or intra-subject temporal variability, the quantification of which is extremely difficult but of critical importance such as the understanding of BV (bacterial vaginosis) etiology. Indeed, arguably the most plausible ecological hypothesis for interpreting the BV etiology heavily depends on the CST classification (Gajer et al., 2012; Ma, Forney & Ravel, 2012; Ravel et al., 2011). Nevertheless, the current form of CSTs is still qualitative and lacks a quantitative criterion to determine the CSTs. In this article, we develop a quantitative tool that can reliably distinguish the CSTs by applying the species specificity of Mariadassou, Pichon & Ebert (2015) and the specificity aggregation index (SAI) we propose in this study. The new tool accurately characterized the classifications of the five CSTs with both 400-crosssectional cohort (Ravel et al., 2011) and 32-longitudinal cohort (Gajer et al., 2012 ) studies originally utilized to develop the CST scheme. Furthermore, it offers a mechanistic interpretation of the original CST scheme by invoking the paradigm of specificity continuum for species adaptation and distribution. The advances we made may not only facilitate the accurate applications of the CST scheme, but also offer hints towards an effective tool for microbiome typing such as classifying gut enterotypes.
INTRODUCTION
Based on a cross-sectional study of 394 healthy women at reproductive ages, Ravel et al. (2011) classified the human vaginal microbial communities (HVMC) into five community state types (CSTs). Specifically, CSTs I, II, III, and V are dominated by L. crispatus, L. gasseri, L. iners, and L. jensenii respectively, i.e., all four groups are dominated by Lactobacillus spp. CST IV has no specific dominant species and was termed diverse group. Type IV was characterized by higher proportions of strictly anaerobic bacteria including Prevotella, Dialister, Atopobium, Gardnerella, Megasphaera, Peptoniphilus, Sneathia, Eggerthella, Aerococcus, Finegoldia, and Mobiluncus. A signature of CST-IV is higher community evenness due to the lack of dominant species. with the transitions of the CTS. In other words, typing was still the fundamental element for describing the temporal dynamics of the HVMCs. For this reason, Gajer et al. (2012) emphasized the necessity to make distinctions among community state types (CSTs) (i.e., types of community state), community states (which are dynamic and may change over time), and community class (i.e., set of community states). Thirdly, the concept of CST also provides an important tool to investigate the etiology of BV (bacterial vaginosis) and to conduct personalized diagnosis and treatment of BV. The complexity of community state typing is two-fold. On the one hand, the complexity is inherent with the problem of characterizing the HVMC per se, i.e., the enormous spatial and/or temporal heterogeneities mentioned previously. On the other hand, the original community-state typing was based on sophisticated data analysis; specifically, CSTs are clusters of community states derived from hierarchical clustering using Ward linkage and Jensen-Shannon divergence dissimilarity measure. The extremely fluctuation nature of microbial population abundance further complicates the community typing problem, by imposing the complexity on top of the enormous heterogeneities both spatially and temporarily, as stated previously. In this article, we report a quantitative approach for characterizing the CST by applying the species specificity measure, proposed recently by Mariadassou, Pichon & Ebert (2015) . The concept of specificity is based on the wellknown specialist-generalist paradigm, which predicts that a specialist should have a local advantage over a generalist and hence be more abundant (Mariadassou, Pichon & Ebert, 2015) . Mariadassou, Pichon & Ebert (2015) devised the species specificity index based on a reinterpretation of the indicator values of Dufrene & Legendre (1997) and applied the newly reincarnated measure to analyze abundance-specificity relationships in microbial ecosystems. A major finding from their application of the specificity index to the microbial ecosystems is that microbial habitats are consistently dominated by specialist taxa, leading to a strong and positive correlation between abundance and specificity. In the present study, we leverage the power of the specificity index in characterizing the habitat-specific specialist taxa for quantifying the CSTs of the human vaginal microbial communities.
MATERIAL AND METHODS
The five community state types (CSTs) of the human vaginal microbiome and relevant datasets As briefly reviewed in the 'Introduction', the five CSTs, first proposed by Ravel et al. (2011) and later supplemented by Gajer et al. (2012) , include five major types and two sub-types under CST IV, i.e., CST IV-A and CST IV-B. These five types can be distinguished as two categories, one category including CST I, II, III, and V. This category of CSTs is dominated by Lactobacillus spp., but each type has its uniquely different dominant species (see Table  1 ). We term the first category Lactobacillus dominated types (LDT). The second category includes CST IV only and lacks conspicuous dominant species. CST IV was termed diverse group (type) and was further classified as CST IV-A and CST IV-B (Gajer et al., 2012) . The distinction between CST IV-A and IV-B can be summarized as two points: (i) CST IV-A consists of moderate proportions of either L. inners or other Lactobacillus spp, plus low proportions of various species of strictly anaerobic bacteria such as Anaerococcus, Corynebacterium, Finegoldia, or Streptococcus. In contrast, CST IV-B is characterized by higher proportions of the genus Atopobium, together with Prevotella, Parvimonas, Sneathia, Gardnerella, Mobiluncus, or Peptoniphilus and several other taxa. (ii) CST IV-A often has low Nugent score, and type IV-B includes some of the BV associated bacteria (BVAV) and is often associated with high Nugent scores. The following table shows the classification of CSTs in the cross-sectional study of 394 subjects (Ravel et al., 2011) , which we term as 400-cross-sectional cohort, as well as in the longitudinal study of 32 subjects (Gajer et al., 2012) studies, which we term as 32-longitudinal cohort in this report. A very brief description for both datasets is provided below.
Ravel et al. 's (2011) cross-sectional cohort study obtained 16s-rRNA sequence data of the vaginal microbial communities from 396 women representing four ethnic groups (98 white, 104 black, 97 Asian, and 97 Hispanic). Each processed 16S rRNA gene sequence was classified at a genus level using the Ribosomal Database Project (RDP) Naive Bayesian Classifier and further refined with SpeciateIT (speciateIT.sourceforge.net) to the species level. The resulting OTU table is available online as Table S4 (www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1002611107/-/DCSupplemental/st04.xlsx) of the original publication (Ravel et al., 2011) . Gajer et al. (2012) longitudinal cohort study obtained 16s-rRNA sequence data of the vaginal microbial communities of 32 women during a three-month period (each woman was sampled approximately 30 times during the period). The data analysis and OTU assignments were similar to the procedures briefly mentioned above for the cross-sectional study and described in details in Gajer et al. (2012) . The resulting OTU table is available as the online supplementary material (http://stm.sciencemag. org/content/4/132/132ra52.full) of Gajer et al. (2012) original publication. The present study is based on a reanalysis of these two sets of OTU tables mentioned previously. Mariadassou, Pichon & Ebert (2015) defined the specificity, in a spatial setting (such as habitat locations) as a measure for the unevenness (heterogeneity) with which a taxon occurs in different habitats. A significance of the specificity concept is to reflect the differences among habitats in the abundance-rank distributions (i.e., species abundance distributions). The specificity continuum can be considered as a reincarnation of the specialist-generalist paradigm, which has been extensively investigated traditionally in ecology. The specificity continuum of Mariadassou, Pichon & Ebert (2015) identified two extremes corresponding to the entities in the traditional specialist-generalist paradigm: (i) taxa detected with equal abundances in many habitats, i.e., generalists and (ii) taxa always and only detected in one habitat, i.e., specialists. A subtle difference between the specificity continuum and traditional generalist-specialist paradigm is that the former tries to describe the relationship between specificity and relative local abundance in different microbiota habitats, defined by environment type, rather than locality, stressing that habitats may be affected by diverse biotic and abiotic environmental factors (Mariadassou, Pichon & Ebert, 2015) . In the context of CST characterization in this study, we postulate that there are CSTs (similar to the environment types or host types mentioned above) that may be influenced by diverse biotic and abiotic host factors.
Specificity continuum
One central goal Mariadassou, Pichon & Ebert (2015) accomplished was to test whether or not the positive correlation relationship of abundance-specificity is prevalent in microbial ecosystems, and their tests with extensive datasets, chosen to represent a wide array of environments, habitats, sampling conditions, and sequencing depths, confirmed the strong, positive relationships between species specificity and their local abundances. Besides leveraging this important finding by Mariadassou, Pichon & Ebert (2015) , we are particularly interested in exploring utilizing specificity measure to quantify the five CSTs in the human vaginal microbiome. In fact, extreme specialists can act as indicator species in the community, with strong ecological preferences, which are specific to a given habitat (Dufrene & Legendre, 1997; Mariadassou, Pichon & Ebert, 2015) , or CST in our case.
In the following, we briefly outline the definition and computation procedure of the specificity index recently developed by Mariadassou, Pichon & Ebert (2015) , which will be applied to quantify the CSTs of the human vaginal microbiome with the 400-cross-sectional cohort dataset (Ravel et al., 2011) and 32-longitudinal cohort dataset (Gajer et al., 2012) . Mariadassou, Pichon & Ebert (2015) specificity index is a reinterpretation of Dufrene & Legendre's (1997) indicator values. Let M = (a ij ) be the OTU table representing the composition of a microbiota, where a ij is the relative abundance of species i in sample j; H be the number of different habitats (e.g., different hosts); S h be the number of samples from habitat h; S h i be the number of samples from habitat h where species i is present. The local specificity index
where
i is the prevalence of species i in habitat h, i.e., the fraction of samples from habitat h where species i was found. a i h denotes the average local abundances of species i in habitat h, and B h i denotes the share of habitat h in the total population of species i. Note ∧ h i ∈ [0,1], a value of zero indicates that the species is absent in habitat h, while a value of 1 indicates that species is always detected and only detected in that habitat and therefore a perfect indicator of that habitat.
We postulate that the dominant species in the LDT or CSTs I, II, III and V should have the highest prevalence across individuals in their respective CST, i.e., a habitat or environment (host) type in terms of Mariadassou, Pichon & Ebert (2015) specificity concept. They should also have the highest share in their respective local communities in terms of the population abundance. Accordingly, those dominant species should have the highest specificity value in their respective CSTs. As to the CST IV, we postulate that none of the species in this type should have predominantly large specificity value, and the distribution of their specificity values should be rather dispersed (even or less aggregated). We further devise a simple specificity aggregation index (SAI) (Eq. (2)) to measure the aggregation or dispersion of specificity, and to facilitate the quantification of the CSTs. In the following, we test this postulation with both 400 cross-sectional cohort and 32 longitudinal cohort datasets, and further discuss its potential biomedical implications.
The specificity aggregation index (SAI) is defined as:
where M s is the mean of specificity values of the top 10 species (OTUs) with highest specificity values, and V s is the corresponding variance. We expect that the SAI of CST-IV should have rather low aggregation (high dispersion or evenness), compared with the other four types.
Community diversity profiles in the Hill numbers
To further explore the medical ecology implications of the CSTs, we computed their community diversity profiles with the Hill numbers by applying the recent advances in measuring biodiversity. The Hill numbers, originally introduced as an evenness index from economics by Hill (1973) who was apparently inspired by Reny's (1961) general entropy of order, has not received the attention it deserves in ecology until recent years. Jost (2007) and Chao, Chiu & Hsieh (2012) further clarified Hill's numbers for measuring alpha diversity as:
where S is the number of species, p i is the relative abundance of species i, q is the order number of diversity. The Hill number is undefined for q = 1, but its limit as q approaches to 1 exists in the following form:
The q D offers a series of entropy values (Hill numbers) at different nonlinearity levels (i.e., diversity order q) and is termed diversity profile. The diversity profile is similar to the moments in statistics. In statistics, the zero-th moment is the total probability (i.e., one), the first-order moment is the arithmetic mean. The variance, kurtosis, and skewness are centered 2nd, 3rd and 4th order moments, respectively. For most probability distributions, the collection of all the moments of all orders (q = 0,1,2,3,...) uniquely determines the probability distribution.
Similarly, the collection of all the Hill numbers of all orders uniquely determines the species abundance distribution (SAD) of a community, which fully describes the community composition. The parameter q determines the sensitivity of the Hill number to the relative frequencies of species abundances. The Hill numbers of the zero-th order (q = 0) is the species richness (i.e., 0 D = S); in this case, the species abundances (frequencies) do not contribute to the sum in Eq. (1). The first-order (q =1) Hill numbers is the exponential of the Shannon entropy (Eq. (4)); in the first order, the Hill numbers weigh species in proportion to their frequency and represent the number of 'typical' species. The second-order (q = 2) Hill numbers is the reciprocal of Simpson index, i.e.,
In the second order, Hill numbers weigh species in favor of abundant species and discount rare species; 2 D therefore represents the number of dominant species.
The general interpretation of diversity of order q is that the community contains q D = x equally abundant species, which is why Hill numbers are referred to as effective numbers of species or as species equivalents.
It is interesting to note the contrasting difference between species specificity and community diversity. As mentioned previously, the former captures the unevenness (heterogeneity) of a species across different habitats, and the later obviously measures the unevenness of all species in a community (a habitat). While community diversity is well established in community ecology, and it indeed may be utilized to distinguish between LDT and CST IV, it cannot delineate all five CSTs. In contrast, Mariadassou, Pichon & Ebert (2015) specificity metric can, with the assistance of our SAI, accomplish the task readily.
Statistical significance tests and distribution-fittings
We use non-parametric Mann-Whitney rank-sum statistic to test various hypotheses regarding the difference in community diversity and species specificity among various CSTs. We further investigate the statistical distributions of the diversity and specificity, respectively, by fitting two contrastingly different statistical distributions: the normal distribution and power-law distribution. For example, the power-law distribution usually reveals heavy heterogeneity, and the heterogeneity can be so high that the average of the distribution cannot represent most data points in the distribution (the so-called ''no average'' property). Such information should be particular valuable for further characterizing the CSTs and understanding their medical ecology implications.
Since the information on normal distribution can be readily found in standard statistics textbook (e.g., Gotelli & Ellison, 2013) , we only list some basic information about the power law distribution below. Power law distribution has a probability density function as follows:
where x is the random variable, x min is the minimum value of x, and K is the exponent of the power law distribution, which has rich information about heterogeneity of the distribution. A comprehensive discussion on the power law distribution, including its fitting to data, can be found in Clauser, Shalizi & Newman (2009) .
RESULTS AND DISCUSSION
Testing the CST quantification with the 400-cross-sectional cohort dataset
The specificity values of the top 10 species (OTUs) with highest specificity for each CST in the 400 cross-sectional cohort are listed in Table 2 , and the corresponding results of all species for all CSTs in the cohort are listed in Table S1 . As expected, in the LDT or CST I, II, III, and V, the dominant species in each type indeed exhibited the highest specificity values in their respective CST. Specifically, the dominant species L. crispatus, L. gasseri, L. iners, and L. jensenii command the top position with a series of specificity value of 0.952, 0.923, 0.778, and 0.915 in their respective CST I, II, III and V. In CST IV, the specificity values of top 10 species are rather dispersed (less aggregated) with a range from 0.504 to 0.783, which is far less aggregated than the range in the other four CSTs (the most aggregated in the other four groups ranges from 0.114 to 0.923), besides lacking a predominant 'leader' as in CST I, II, III, and V. The specificity aggregation index (SAI) values for the five CSTs are 0.558, 0.242, 0.451, 0.009, and 0.333, respectively, as displayed in Table 1 . The SAI for type IV is significantly smaller than the SAI values of the other four CSTs. The contrasting difference between CST IV and other CSTs is even more conspicuous from another index, the ratio to CST IV, which is the SAI of the other CSTs divided by the SAI of CST-IV, and the ratios are 62, 27, 50, and 37 for CST I, II, III, and V respectively. Of course, the ratio to CST IV of itself is the unit 1. This indicates that the other four CSTs are, to the minimum, 27 times more aggregated than CST IV. In other words, the SAI of CST IV is far more dispersed (even) and lacks a dominant species, which is of course consistent with Ravel et al. 's (2011) original definition of the CSTs.
As demonstrated in the following 'Discussion', although diversity analysis, especially with diversity profile in the Hill numbers can successfully distinguish between CST IV and other four CSTs, i.e., the LDT, it cannot further distinguish the other four types (i.e., I, II, III, and V). In contrast, the specificity index in combination with our simple SAI can successfully distinguish all five CSTs. In the next sub-section, we test our quantification approach with the 32-longitudinal cohort dataset, in which Gajer et al. (2012) further classified Type V into type IV-A and IV-B.
Testing the CST quantification with the 32-longitudinal cohort dataset
To further test our SAI-based CST quantification scheme with the 32-longitudinal cohort dataset, we pooled together all 937 samples from 32 individuals and reclassify them into five types (including two subtypes of CST IV) according to Gajer et al. (2012) classification of those community samples, i.e., CST I, II, III, IV-A, and IV-B. It should be noted that the concept of CST is neither specific to ethnic group, nor to individual. Instead, it is specific to community sample, or a snapshot of a community, the very reason it was termed community state type (Ravel et al., 2011; Gajer et al., 2012; Ma, Forney & Ravel, 2012) . Hence, the pooling of community sample across individuals is not only justified but also necessary to test the quantification here. Table 3 lists the 10 species with top 10 highest specificity values for each CST, and the full results of all species in the 32-longitudinal cohort dataset are listed in Table S2 .
Similar to the finding demonstrated in the previous 400 cross-sectional cohort dataset, the results with the 32-longitudinal cohort dataset displayed in Table 3 again show that the dominant species in each CST indeed has the highest specificity value in CST I-III (CST V was not detected in this cohort probably due to limited sample size). In contrast, the specificity values of top 10 species with highest specificity in CST IV-A and IV-B are distributed rather evenly (less aggregated), with a rather narrow range. In addition, the top 10 species with highest specificity values in Type IV-B do contain some BVAB species such as Atopobium, which has the highest specificity value (0.908). Both the two subtypes of CST IV have the lowest SAI of 0.015 and 0.043, respectively, much smaller than those of CST I-III. The differences between CST IV and other three CSTs range from 5 to 24 times. The two subtypes of CST IV show similar pattern of specificity distribution, with IV-B has moderately higher SAI, approximately 3 times that of IV-A. The type IV-B does contain more BVAB (bacterial vaginosis associated bacteria) such as Atopobium and Gardnerella in the top 10 species with highest specificity, which is consistent with Gajer et al. (2012) characterization.
SUMMARY
In summary, the integrated utilization of species specificity index and specificity aggregation index offers an effective quantitative tool to characterize the CSTs in the human vaginal microbial communities. CST I, II, III, and V can be identified with the species of the highest specificity value. CST IV lacks a species with predominantly large specificity value, and instead the specificity values in the CST IV are rather dispersed (even or less aggregated). Quantitatively, the SAI of CST IV is approximately 1/5-1/60of the SAI of other types. In addition, as demonstrated below in the 'Discussion', CST IV has significantly higher community diversity than the other four CSTs, which can also be harnessed to distinguish CST IV from the other CSTs. But as explained previously, community diversity alone can only distinguish the CST IV from the LDT (the other four types).
Beyond offering a quantitative tool to characterize CSTs, specificity also explains the underlying mechanism that shapes the CSTs. From the perspective of specificity spectrum, the five CSTs can be categorized as two classes: the diverse class (CST IV) vs. LDT class (CST I, II, III, & V). The diverse class is characterized by multiple specialist species, while the dominated class is often characterized by a single specialist species. At the ecological time scale, the transitions among the CSTs may be considered as 'discrete' manifestations of the human vaginal microbial community dynamics, which are driven by the host environment (determined by the host genetic background and diverse biotic and abiotic host factors). The BV-associated dysbiosis may be characterized by the breakup of the normal transitions of CSTs, and therefore quantifiable with the changes of specificity. Therefore, specificitybased analysis of the CST transitions may play an important role in assessing the risk of BV occurrence/recurrence. At the evolutionary time scale, it is the species adaptation that ultimately shapes its distribution and abundance, which determines the species specificity according to Eq. (1). Therefore, CSTs should be the evolved characteristics of the human vaginal microbiome.
In perspective, the advance we made in this article not only facilitate the accurate applications of the CST scheme but also demonstrate a general approach to quantitatively characterizing other microbiomes such as the gut enterotypes. It also offers hints towards an effective classification tool for microbiome-typing, which is not implemented yet in this study. We computed the alpha diversities in the Hill numbers of all 394 communities representing five CSTs, and the computed Hill numbers are listed in Table S3 . We further performed the significance test for the difference between any two CSTs, and the results are displayed in Table 4 . The significance test demonstrates that the Hill numbers of the CST IV are indeed significantly different from (larger than) those of the other four CSTs across the board of all diversity orders (q = 0-4) we tested. However, diversity profile analysis failed to resolve the difference among the other four types. Therefore, relying on diversity analysis alone is not able to distinguish all of the five CSTs. We also computed the alpha diversities (in the Hill numbers) of all 937 community samples from the 32-longitudinal cohort dataset, representing four CSTs (CST V was not detected in the cohort due to the limited numbers of subjects investigated), and the computed Hill numbers were listed in Table S4 . We further performed the significance test for the difference between any two CSTs, and the results are displayed in Table 5 . The significance test demonstrates that the Hill numbers of the CST IV (including IV-A and IV-B) are indeed significantly different from (larger than) those of the other three CTSs (CST I, II, III) across the board of all diversity orders (q = 0-4) we tested. However, the diversity profile analysis again failed to resolve the differences among the other three types. Therefore, relying on diversity analysis alone is not able to distinguish all of the CSTs.
Obviously, as mentioned previously, the significantly high community diversity can also be employed to distinguish between CST IV and other CSTs. Tables 4 and 5 also exhibit an interesting phenomenon that some of the higher order Hill numbers (alpha diversities) beyond order zero (species richness) may display significant differences among CSTs, but there is not a consistent pattern other than the consistently significant difference between CST IV and other CSTs. Figure 1 shows the box plots of the Hill numbers (y-axis) corresponding to different CSTs (x-axis) based on the information from Table S3 , which contains the alpha diversity in the Hill numbers of the 400-cross-sectional cohort. Each sub-graph corresponds to a Table S4 (32-longnitudinal cohort). Each sub-graph corresponds to a different diversity order q, ranging from 0 to 3.
The statistical distribution of specificity
We further characterize the CSTs by fitting two canonical statistical distributions, i.e., the normal distribution and power law distribution, to the diversity and specificity values, respectively. The results for the 400-cross-sectional cohort dataset are listed in Table 6 , and those for the 32-longitudinal cohort dataset are listed in Table 7 . In both tables, we listed the p-values of fitting the normal distribution and power law distribution with the alpha diversity and specificity data. In the case of the power law distribution, we also listed its parameter (K ), which measures the heterogeneity level of the random variable (diversity or specificity). The higher the K value is, the higher the heterogeneity. Tables 6 and 7 show that, in most cases, the normal distribution failed to describe the distributions of diversity or specificity. Among 60 tested cases, in only two cases the normal distribution succeeded in fitting the diversity at order zero of CST IV and V (p-value > 0.1). We consider the two cases as exceptions and conclude that neither diversity nor specificity fits to the normal distribution. In contrast, the power law distribution successfully fitted to all 60 but 4 cases. The prevalence of the power law distribution suggests that the distribution of the diversity or specificity is highly skewed: (i) a few community samples display disproportionally high diversity, while most community samples display low diversity in the case of diversity distribution; (ii) a few species display disproportionally high specificity, while most species display low specificity. It is particularly worthy of noting that the only 4 failures of the power law distribution in fitting specificity occurred in CST IV. That is, the distribution of specificity in CST IV is far less aggregated or far more even than in other CSTs, and therefore does not fit to the power law distribution. The finding here is obviously consistent with the previous discussed characteristics of CST IV, which lacks predominant species, and maintains a far smaller specificity aggregation index than the other CSTs.
